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When b=2r e , that is, the barrier width is equal to the radius of the drainage boundary, the problem is simplified into an edge water reservoir problem. Based on physical experiments in the literature, the following empirical formula is applied SI units are used in this case study and the basic information is as follows: The horizontal well length in a bottom water reservoir is 350 m. The oil formation thickness is 40 m. The pressure at the oil-water contact is 25 MPa. The reservoir oil viscosity is 15 mPa·s. The densities of reservoir water and oil are 1,050 and 850 kg/m 3 , respectively. The oil formation volume factor is 1.05. The isotropic permeability 2 . The wellbore radius is 0.1 m and the distance between the horizontal well and the oil-water contact is 30 m.
When no barrier exists, the critical parameters of the horizontal well are calculated with Eq. (16). When a horizontal impermeable barrier is present in the oil zone and 20 m above the oil-water contact (c=20 m). The barrier width is 20 m. A horizontal well is drilled above the barrier. and the supply radius in the Y direction is r e =200 m. Other data are the same as above. Eq. (10) can be used to calculate Q 1 , and Eq. (18) is used to obtain . Then Eq. (11) is used to obtain the critical rate. Eqs. (14) is used to obtain the critical potential difference, and with Eq. (15) is used to obtain the critical pressure difference. Table 1 lists the calculated results. The critical rate is 99.6 m 3 /d and the critical pressure difference is 0.53 MPa in the oil formation with a barrier. Note that both the critical rate and the critical pressure in the case with a barrier are higher than the case without barriers.
Sensitivity analysis of variables b and c
The variable c is the distance between the horizontal well and the bottom boundary of the oil reservoir. Fig. 2 indicates the calculated critical rate when c changes from 0 to 30 m.
Changing the width of the barrier b from 0 to 400 m also increases the critical rate, as shown in Fig. 3 .
Both the barrier size and its location affect the critical rate. Fig. 2 shows that increasing the distance of the barrier to the reservoir bottom results in an increase in the critical rate. Fig.  3 shows that the barrier width has a positive impact on the critical rate. However, such effect gets slower as the barrier size continues increasing. Fig. 4 shows a comparison of the 
Case study
the research case. This reservoir is a typical bottom-waterThree horizontal wells, which were drilled above horizontal impermeable barriers, were used to analyze the critical rate and the performance of water breakthrough.
Some information about the horizontal wells and their daily production data are shown in Table 2 , Figs. 5 and 6. The daily production data of three horizontal wells calculated from the commonly-used formulas and the method proposed in this paper are listed in Table 3 . Well log interpretation showed that 1 to 2 barriers were distributed below the horizontal wells and the total thickness was about 1.5 to 2 m. The distances from the barriers to the water-oil contact of wells TK911H, TK921H, and TK923H were 8, 5 and 8 m, respectively. Because of a lack of information, the distribution boundary of barriers in the reservoir could not be accurately described, so the value of b was set at 10-50 m.
Pet.Sci.(2012)9:223-229 The common formulas do not consider the effect of impermeable barriers when calculating the critical rate. The apply these values in oil production. As Fig. 6(a) shows, the initial average daily production rate of Well TK911H was about 150 m 3 , and the well produced oil for 160 days before water appeared. When the barrier was 7 m long in the Y direction, the calculated critical production rate is 150 m 3 /d. Once the width of barrier b is larger than 7 m, water-free oil production will be a long period of time.
As Fig. 6(b) shows, the initial average production rate of Well TK921H was 135 m 3 /d. The period of water-free production was about 50 days. When the impermeable barrier extends 50 m in the Y direction, the calculated critical rate is 83.0 m 3 /d, which is lower than the initial average production rate. It is obviously that the initial average production rate was too high so that the bottom water rise was too fast, and the period of water-free oil production was merely 50 days.
As Fig. 6(c) shows, the initial average production rate of well TK923H was 125 m 3 /d and the period of water-free oil production period was 78 days. When the barrier extends 50 m in the Y direction, the calculated critical rate is 87.9 m 3 / d, which is lower than the initial average production rate. It is obviously that the initial average production was too high, and the bottom water rose too fast, so the water-free oil production period was only 78 days.
The results calculated from the equations deduced in this paper provide a reasonable explanation to water breakthrough time.
Conclusions
horizontal wells in bottom water reservoirs. The presence of impermeable barriers can increase the critical rate of oil wells and delay water breakthrough.
2) The size and location of barriers affect the prediction of critical rate. With the increases in the size and the distance of the barrier to the oil-water contact, the critical rate increases. As the barrier size increases, the critical rate gradually approaches a constant.
3) The method proposed in this paper can be used to predict the critical rate of horizontal wells in bottom-water reservoirs with an impermeable barrier and be applied to investigate water cresting in horizontal wells.
